A radioactive high level waste glass was made in 1980 with Savannah River Site (SRS) Tank 15 waste. This glass was buried in a lysimeter in the SRS burial ground for 24 years. Lysimeter leachate data was available for the first 8 years. The glass was exhumed in 2004. The glass was predicted to be very durable and laboratory tests confirmed this. Scanning electron microscopy of the glass burial surface showed no significant glass alteration consistent with results of other laboratory and field tests. Cs leaching from the glass was diffusion controlled.
Introduction
The most important requirement for high-level waste (HLW) glass acceptance for disposal in a geological repository is the chemical durability. During the early stages of glass dissolution in a geological repository, near static conditions are expected to dominate. Under these conditions, a gel layer resembling a membrane forms on the glass surface through which ions exchange between the glass and the contacting groundwater. The hydrated gel layer exhibits acid/base properties which are manifested as the pH dependence of the thickness and nature of the gel layer. The gel layer has been determined to age into either clay mineral assemblages or zeolite mineral assemblages [1] . The formation of one phase preferentially over the other has been experimentally related to changes in the pH of the contacting solution and related to the relative amounts of Al +3 and Fe +3 in a waste glass. During laboratory studies the formation of clay mineral assemblages on the leached glass surface layers (lower pH environments and/or Fe +3 -rich waste glasses) caused the dissolution rate to remain diffusion controlled but slow to a long term 'steady state' rate [1] . The formation of zeolite mineral assemblages of the analcime type (higher pH environments and/or Al +3 -rich glasses) on the leached glass surface layers caused the dissolution rate to increase and return to the initial high forward rate [1] [2] [3] .
The return to the forward dissolution rate is undesirable for long term performance of glass in a disposal environment. The return to the forward rate of dissolution raises additional questions about (1) how short term accelerated laboratory performance tests relate to long term performance in a disposal environment and (2) whether the forward rate of dissolution should be used for repository risk assessments which is the current practice in the United States [4, 5] .
The study of HLW glasses that have been buried for long periods of time in a disposal environment and/or natural analog studies may be the only ways to elucidate whether short term accelerated laboratory durability test performance and glass durability models are related to the long term durability and performance of a waste glass in a disposal environment. The nature of the leached layer formed, the overall glass dissolution, and the migration of both radioactive and non-radioactive species into the surrounding soil must all be assessed.
Field tests of simulated and alpha-doped HLW glasses
Many field tests of simulated (non-radioactive) HLW glass durability have been performed and reviews of the subject are available elsewhere [6] [7] [8] . These include but are not limited to burial in Stripa in Sweden [6] , burial in clay at Mol in Belgium [6, 8] , in situ testing in limestone in Ballidon in the United Kingdom [6, 9] , and field testing in salt at the Waste Isolation Pilot Plant (WIPP) in the United States [6, 7] . The longest simulated waste glass burial studies ($30 years) are those in the Ballidon limestone as many of the simulated waste glasses were buried in 1978. In the non-radioactive field tests in natural groundwaters, the glasses proved to be as durable and/or more durable than indicated during accelerated laboratory testing [6] [7] [8] [9] .
Tests have been performed on non-radioactive simulated glasses and/or glasses doped with alpha emitting radionuclides such as 134 Cs, 90 Sr, and 239 Pu. These glasses were subjected to a 5 years burial in the Boom clay at Mol, Belgium at temperatures of 16°C, 90°C, and 170°C for periods of 2-7.5 years. Subsequent experiments were performed with four glasses doped with alpha emitting $200 lm that was enriched at the top in Al and Si and reduced in Ca and Na. Enrichment in K and Mg was attributed to sorption from the Boom clay. On top of the leached layer were precipitates enriched in Al, Si, Mg, Fe, and K. In-between the leached layer and the precipitates was a region depleted in Si, Al, and Ca. The Belgian glass SM513 (PAMELA) had a 350 lm leached layer enriched in Ti and Al and reduced in Na, Ca, and Mg. Again K was enriched in the layer and attributed to be from the burial medium, the Boom clay. Glass SM527 (PAMELA) had no reaction layer but a thin precipitate layer enriched in K, Mg, Si, and Al. Lastly, Glass WG124 (a silicate glass) had a 500-600 lm layer with a double structure. The outer layer was enriched in Fe, Al, Mg and depleted in Si, Ca, Na, and K while the inner layer was depleted in Mg, Si, Ca, and Na. Precipitates enriched in Si, Al, Mg, Fe, K and S were found on the outermost surface [10] . The Boom clay burial glass with the least reaction layer was the SM527 glass which was the glass highest in Al 2 O 3 content, e.g. 19 .96 wt% compared to Al 2 O 3 contents of 2.9-4.91 for the three other glasses buried. The study concluded that the three lower Al 2 O 3 containing glasses dissolved via a combination of network dissolution, selective leaching and ion exchange. The high Al 2 O 3 containing glass was determined to leach by a congruent mechanism and only a minor contribution from a selective leaching mechanism.
In some tests the presence of the Boom Clay and ground frit as backfill materials were found to act as silica sources and decrease the glass alteration by two orders of magnitude. The silica rich clay and the silica rich frit provided silica saturated aqueous environments for the glass which inhibited leaching [13] . The glass alteration layer thickness was also found to increase with increasing abc-activity of the glass [12] .
Field tests of HLW radioactive glasses
To date there are only two documented HLW glass burial experiments in shallow land disposal sites where lysimeter measurements of radionuclide migration were simultaneously monitored. A third burial study is the focus of this publication.
Chalk river nuclear laboratories (CRNL) field tests
The first and oldest shallow land disposal tests were those at the Chalk River Nuclear Laboratories (CRNL) in Ontario, Canada [14] [15] [16] [17] . The waste being immobilized was a HLW UO 2 Cs) in the surrounding soil indicated that the normalized leaching rates were two orders of magnitude lower than that predicted from the loss of the radionuclides during the laboratory leaching tests [18] . The lower [79] unless sufficient ZrO 2 was present as well. This is consistent with the known miscibility gap in the Al 2 O 3 -Fe 2 O 3 -Na 2 O-SiO 2 quaternary system (no ZrO 2 ) that defines the crystallization of basalt [80] . The HLW waste glasses with <4.0 wt% Al 2 O 3 were subject to poor durability due to the phase separation. Confirmation is also provided by commercial glasses in the Na 2 O-SiO 2 -Al 2 O 3 system which are known to phase separate when Al 2 O 3 is 63 wt% [81, 82] leach rates from the field study were attributed to the lower temperature in the field tests compared to the laboratory tests. Ref. [17] states that the neither the laboratory nor the field leach rate measurements indicate congruent or diffusion-controlled dissolution mechanisms for the glass. The leach rate time dependence, inferred from the 90 Sr ground-water concentrations, suggests that the dissolution is being inhibited by a surface layer [16] . In addition, the 90 Sr was found to have sorbed onto iron oxyhydroxides in the surrounding soil so that migration of this radionuclide was retarded.
Depth profiling of the glass block surface with Secondary Ion Mass Spectroscopy (SIMS) showed that Ca, Na, Cr, and Fe were depleted down to a depth of 70-80 nm (0.07-0.08 lm) of the surface while Si, Mg, and Th were enriched in the surface layers [17] . Thorium was enriched to a depth of $100 nm (0.1 lm) as was U but Fe and Mg were only enriched to a depth of $45 nm (0.045 lm). Since the glass contained little Mg, the Mg enrichment was thought to be a magnesium silicate that had formed from the silica in the glass and the Mg in the groundwater. The thickness of the material removed during the $20 years burial test was estimated from the Th enrichment and corresponded to a 400 nm (0.4 lm) loss from the original glass surface. The leached layer was found to contain a 'fixed' ferromagnesian fraction which sorbed 13-14% of the 90 Sr
[16].
Nuclear power plant (NPP) intermediate level waste field tests
In 1987 blocks of K26 glass used to immobilize intermediate level nuclear power plant (NPP) waste from the Kursk (RBMK) reactor in Russia were buried in a loamy soil [19] . The glass was poured into carbon steel rectangular containers that did not have lids. The glass containers without lids were buried in a steel tray that was supplied with a water trap and a tube for water extraction by pumping. The tray was deeper than the pour containers and the tray was filled with pure sand before the rest of the burial trench was backfilled with the loamy soil [20] . While the conditions are considered saturated the glass was not in direct contact with the loamy soil.
Waste glass with 35 wt% waste oxides was produced [21] . The K26 glass is a high sodium containing borosilicate glass made from a waste containing 86 wt% NaNO 3 [19, 21] Sr. Both saturated groundwater and non saturated groundwater conditions were studied [22, 23] . The blocks buried under unsaturated conditions were examined after 8 years burial [24] and the leached layer was determined to be 2-6 lm by scanning electron microscopy (SEM). The blocks buried under saturated conditions were extensively studied after 12 years of burial [22, 25] . In 2001, X-ray analysis and SEM of the surface of the glass buried under saturated conditions showed no evidence for the formation of secondary alteration phases on the glass surface [22] . Re-analysis in 2004 [25] identified some small crystalline inclusions of quartz (SiO 2 ), calcite (CaCO 3 ), hematite (Fe 2 O 3 ) and anatase/rutile (TiO 2 ) although the layer was primarily amorphous. About 1.3E-03 percent of the radioactivity had leached into the groundwater during the 12 year period, mainly 137 Cs.
Savannah River national laboratory (SRNL) field tests
Details of the third HLW glass burial are given in this study. A radioactive Savannah River Site (SRS) HLW waste glass was buried in a lysimeter located $11 m above the water table. As such the glass was exposed to saturated and unsaturated conditions as controlled by local rainfall and weather conditions. The glass was left in the field lysimeter for 24 years before it was recovered by coring.
The lysimeter was open for 11 years and capped for 13 years. The bulk glass composition was analyzed after the glass was exhumed. The formation of a leached layer and the glass/soil contact zone was studied by scanning electron microscopy (SEM).
The SRS burial glass composition was used to assess the glass durability in two ways. First, the glass composition was analyzed and the composition used to predict the glass durability using the SRS model that has been used to operate the SRS vitrification facility for $15 years (the Thermodynamic Hydration Energy Model, THERMO TM ) [26] [27] [28] . The THERMO TM model is based on a short term accelerated 7-day durability test, ASTM C1285 [29] . The durability of the burial glass was measured using the same accelerated glass durability test. The short term durability of the burial glass was then related to the long term durability with respect to the leached layer using the recently developed Activated Complex Theory (ACT TM ) [30] and the glass composition.
Stages of glass dissolution
Current theories of glass dissolution suggest that all glasses typically undergo an initial rapid rate of dissolution known as the 'forward rate'. However, as the contact time between the glass and the leachant lengthens some glasses come to 'steady state' equilibrium and leach at a 'steady state' rate while other glasses undergo a disequilibrium reaction with the leachant solution that causes a sudden change in the solution pH or the silica activity in solution [1] . The 'return to the forward rate' after achieving 'steady state' dissolution is undesirable as it causes the glass to return to the rapid dissolution characteristic of initial dissolution.
The initial rate is often referred to as Stage I dissolution which includes regimes that are interdiffusion controlled, hydrolysis controlled, and a rate drop that is diffusion or affinity controlled [31] . The 'steady state' rate (also known as the residual or final rate) which signals the end of the alteration phase and/or phase precipitation [31] is known as Stage II dissolution, and the return to the forward rate (or resumption of alteration) is known as Stage III dissolution. Diffusion controlled dissolution of network modifiers and/or radionuclides during Stages I and II dissolution normally follow a mathematical function related to the square root of the test duration.
A reaction zone is formed as the leached layer solution interface progresses into the glass. The front of the reaction zone is usually defined as the region where the glass surface sites interact with the ions in solution [32] . The top of the gel reaction zone represents the leached layer glass interface where a counter-ion exchange occurs [32] that can form secondary precipitates, e.g. metal hydroxo and/or metal silicate complexes that have reached saturation in the leachate often precipitate on the surface of the gel layer [33] [34] [35] [36] [37] [38] . The gel layer may, under certain conditions, act a selective membrane [35, 39] or as a protective/passivating layer [33, 34, 37, 38, [40] [41] [42] [43] [44] . The slowing of the glass dissolution to a steady state rate by solution saturation (affinity) of glass matrix elements or reaction through a surface layer is referred to as Stage II dissolution, residual rate dissolution, steady state dissolution, or the final dissolution rate. The leached layer is often a simple Fe +3 -rich phase such as the clay mineral nontronite (see Section 2.1). The resumption of alteration (Stage III) causes the long term dissolution rate to reaccelerate at the initial forward dissolution rate for some glasses. This unexpected, and poorly understood, return to the forward dissolution rate has been shown to be related to the formation of the Al 3+ -rich zeolite, analcime, and/or other calcium silicate phases [1] . , the Fe 3+ is normally in tetrahedral coordination as well and can contribute to both the affinity term and the leached layer formation. In order to understand the aging of a leached glass gel layer into either clay or zeolite mineral assemblages, it is important to recognize that the hydrated gel layer exhibits acid/base properties which are manifested as the pH dependence of the thickness and nature of the gel layer [49] . The alteration of aluminosilicate gels (artificial or natural) to clay or zeolites is pH dependent, with clay formation favoring less basic aging environments than zeolites [50] . Thus, if the solution pH changes while the gel ages (as in a static laboratory test) a clay mineral species may convert into a zeolite mineral species in response to an increase in pH.
The in situ aging of aluminosilicate rich leached layers in HLW glasses mimics the aging of pure aluminosilicate gels: artificially produced gels and those found in nature. Aluminosilicate gels that were co-precipitated under controlled laboratory conditions were aged into a variety of natural clays (smectities, beidellites, saponites, sauconites and montmorillonites) [51] [52] [53] . Aluminosilicate gels found in natural geothermal systems in an alkaline environment were harvested and then aged in the laboratory to the zeolite analcime [54] . The alteration of aluminosilicate gels (artificial or natural) to clay or zeolites is pH dependent, with clay formation favoring less basic aging environments than zeolites [50] . Aging of leached gel layers in natural environments, e.g. weathering of altered rhyolitic (acidic) volcanic glass, has been shown to alter in situ to both zeolites (clinoptilolite) and clays (smectitie, montmorillonite), and sometimes opal (hydrous silica) [54] [55] [56] .
Conversely, sequential aging of nuclear waste glass gel layers that were enriched in iron under controlled laboratory conditions produced montmorillonite clay [57] and the in situ formation of smectite clays has been determined to be dependent on the iron content of the dissolving glass [58] . The similarity of the gel layer formation and dissolution mechanism of iron containing borosilicate waste glasses and natural basalt glasses containing iron has been noted by several researchers, i.e. Morgenstein and Shettel [59] , Ewing [60] , Malow et al. [61] , Allen [62] , and Jantzen and Plodinec [63] . In particular, the work of Allen [62] indicated that the alteration layer on basalt glass is formed of cryptocrystalline iron rich clays grouped under the term 'palagonite'. Likewise, the geochemical modeling (EQ3/EQ6) performed by Bourcier et al. [64] on an iron rich waste glass gel layer composition predicted the formation of notronite (Fe 2 Si 2 O 7 Á 2H 2 O) the iron analogue of the Al-rich clay mineral kaolinite (Al 2 Si 2 O 7 Á 2H 2 O). Additional comparisons of the aging sequences of basaltic glasses and nuclear waste glasses tested using the Vapor Hydration Test (VHT) have demonstrated that clays can only turn into zeolites as the solution becomes more basic and more saturated with silica and alumina during static durability testing [47, 48] .
Moreover [65] demonstrated that solution pH and solution concentrations of Na and K were also involved in the formation of analcime versus Na-bedellite (a smectite clay). Other zeolites and smectite clays that are rich in Fe 3+ compared to Al 3+ do not appear to accelerate glass corrosion [1, 3] . Thus, research has shown [66] that different pH values are achieved during static testing at different SA/V ratios and that affects the reaction rate and the phases that form. This is important when studying or comparing the results of accelerated laboratory tests to burial tests: are the SA/Vt conditions equivalent, is the alteration extent equivalent, and is the corrosion mechanism the same even if the SA/Vt is different [66] ?
For the burial studies examined to date (Sections 1. 
Experimental
As a part of a radionuclide migration research program, SRNL initiated a lysimeter project in 1978 to study the migration of low-level transuranic (TRU) contaminates from various waste forms buried under actual field conditions. One HLW glass cylinder (1.3 cm in diameter and 1.3 cm in length), representative of glass compositions currently being processed at the Defense Waste Processing Facility (DWPF), was buried in 1981. The glass was exposed to natural rainfall in the unsaturated zone for 11 years. Occasionally, during periods of heavy rainfall (>4 per month) the groundwater table would rise and the soil inside the lysimeter would become saturated. The lysimeter leachates were only sampled for the first 8 years of exposure.
Fabrication of the HLW glass
Defense HLW was once an acid waste that was neutralized for storage in carbon steel tanks. The neutralization caused the waste to settle into a thick sludge component and a low density salt supernates. The glass was made with Tank 15 waste which is a high alumina containing HLW waste sludge. The alumina is present as Al(OH) 3 , AlOOH, AlðOHÞ À 4 , and other soluble aluminum salts. The high aluminum content is detrimental to making a quality vitrified product at reasonable waste loadings [68] .
A large sample of Tank 15 waste had been retrieved from the tank in 1978. Several aluminum removal processes were tested in the SRNL Shielded Cell Facility to remove the soluble alumina in water and/or excess NaOH [68] . One test was performed in water only, two tests were performed in boiling 5 molar NaOH, and the fourth test was performed with 3 molar NaOH. The caustic treated sludges were mixed with water and centrifuged several times to 'wash' the soluble salts out of the sludge in order to make a durable glass with a soluble salt level <2 wt% on a dry basis. The alumina containing liquors can then be stabilized in cement.
At the end of the various Al dissolution and 'washing' demonstrations the three caustic washed sludges were blended back together and reslurried with water [68] . The sludge slurry was fed to a fluid-bed calciner with a bed temperature of 350°C. The washed and dried Tank The glass was processed through a Joule heated melter in the Shielded Cell Facility in SRNL at a temperature of 1150°C. Most of the glass was collected in 500 mL stainless steel beakers. At the end of two of the melt campaigns, glass samples were poured into small graphite molds and archived for leaching experiments. The filled glass canisters and the graphite molds were allowed to cool in a brick fort beside the melter to simulate the slow cooling of a DWPF type canister. The glass was not analyzed at the time it was made. One of the small graphite mold samples was the burial glass examined in this study.
The radionuclide concentrations in the glass were calculated from the radionuclides measured in the sludge as given in Ref. [68] accounting for the sludge density, sludge washing percent, the calcine oxide factor, the waste loading, and the weight of the glass pellet. The radionuclide loading in the glass pellet at the time of burial is given by the values in Table 2 . The primary radioactivity in the Tank 15 glass was 90 Sr and its radioactive daughter 90 Y. The table also includes other short lived radionuclides that are daughters of the radionuclides measured. Clearly the main type of radiation from the glass is beta radiation.
Burial and retrieval of the HLW glass
The lysimeter consisted of an inverted 52-L bottomless carboy that was connected to a leachate collection reservoir (Fig. 1) . The lysimeter was filled with well-mixed subsurface sediment collected from a 4-m-deep pit from which the surface soil had been removed. The sediment used in this study was primarily collected from the vadose zone and contained no observable biological materials. The sediment had a pH of 6.3, total Fe concentration of 1.6 wt%, along with sand, silt and clay with concentrations of 71, 10, and 19 wt%, respectively. The clay-fraction consisted of kaolinite, hematite, goethite, gibbsite, and quartz.
The glass pellet (described in Section 3.3) was placed $21.6 cm below the lysimeter sediment surface on the centerline of the carboy in lysimeter M2 (Fig. 1) . The lysimeter was left exposed to natural weather conditions for 11 years before being capped for an additional 13 years. A soil core was taken after the lysimeter had been capped for 5 years. This was 16 years after emplacement of the glass. The core was stored in a cooler at 16°C for 9 years before analysis. The glass remained in the lysimeter for a total of 24 years before it was recovered. During recovery it was observed that the glass had been fractured apparently during the soil core sampling, the placement of the cement cap, or the recovery operation itself. A picture of the largest fraction recovered is shown in Fig. 2 . Most of the alpha counts in leachates from in the control lysimeter were slightly higher than the counts in the glass lysimeter. This is likely because the alpha emitters ( 238 Pu, 239 Pu, and 240 Pu) in the glass pellet are of very low concentrations in the glass (Table 2) compared to the beta emitters (primarily 90 Sr and its radioactive daughter 90 Y). Since the alpha data collected were usually below the alpha data from the percolate from the control lysimeter, the alpha data was not used in the durability modeling presented in a subsequent section. The b/c data that was below the counts for control lysimeter was also not used in modeling. The lysimeter soil core taken 16 years after emplacement of the glass was cut into twenty two 1.25-2.5 cm thick slices. These depth discrete sediment samples were acid digested and then analyzed for total a ( 238 Pu, 239 Pu, and 240 Pu) and total b by liquid scintillation counting. They were also analyzed for 137 Cs by gamma pulse height analysis, respectively. As discussed above, the glass pellet was exposed to natural climatic conditions for $11 years and was in contact with moist soil for a total of 24 years.
Characterization of the HLW glass
After the Tank 15 glass was unburied the following analyses were performed: Contained X-ray diffraction (CXRD) of the glass surface.
-Analysis performed on a Bruker D8 advanced X-ray diffractometer with Cu Ka radiation at 45 kV and 40 mA. Contained scanning electron microscopy (CSEM) of the glass/ soil layer interface. -Analyses performed on a LEO-440 scanning electron microscope. The energy dispersive spectra (EDS) were acquired using an Oxford Inca microanalysis system. -The sample was embedded in epoxy and sectioned perpendicular to the glass/soil interface. Whole element chemistry of the bulk glass by -Dissolution by Na 2 O 2 with an HCl uptake followed by inductively coupled plasma (ICP) -emission spectroscopy (ES) for Al, B, Ba, Ca, Ce, Cr, Cu, Fe, La, Li, Mg, Mn, Mo, Ni, Si, Sn, Sr, Ti, and U and ICP-mass spectroscopy (MS) for Th. -Dissolution by HCl/HF bomb followed by ICP-ES for Na, Zn, and Zr. a Anions were not measured as the anion content of the glass was predicted to be very low from analysis of the Tank 15 sludge [68] and analysis of the washed/dried sludge [69] . Glasses were analyzed in duplicate and both the Environmental Assessment (EA) glass [70, 71] and the ARG-1 glass [72] were used as glass standards.
Durability testing of the HLW glass
There was not enough of the Tank 15 burial glass left to perform triplicate ASTM C1285 (Product Consistency or PCT) durability testing. A glass of the same composition was fabricated in crucibles and rapidly quenched. This glass was analyzed as shown in Section 3.3 and tested via ASTM C1285 (PCT-A). The results of the PCT test are expressed in this study as a normalized concentration (NC i ) which has the units of g waste form /L leachant , where 'i' is the chemical element of interest. Expression of the PCT test response as NC i does not necessitate the use of the surface area (SA) of the sample releasing species 'i' as the surface area is fixed by the strict control of the particle size during the PCT-A test 1 and the control of the volume of the leachant being used which is expressed as the SA/V ratio
where NC i is the normalized release (g waste form /L leachate ), c i (sample) is the concentration of element i in the leachate solution (g i /L) and f i is the fraction of element i in the unleached waste form (unitless).
Results and discussion

Analysis of the disposal environment and lysimeters
A photograph of a recovered glass fragment is presented in Fig. 2 . The crusty material on the black glass is the soil and extreme 1 The glasses were ground and sized between À100 and +200 mesh (74À149 lm).
To remove the electrostatic fines, the sized material was washed six times with 100% ethanol. Water was not used for washing for fear of removing any water soluble phases prior to leaching as cautioned by the ASTM C1285-02 procedure. For all samples, ASTM Type I water was used as the leachant, a constant leachant to sample ratio of 10 cm 3 /g or 0.01 L/g was used, the test temperature was 90°C. The test duration was seven days. The test temperature and duration are the nominal test conditions used for testing glass waste form performance, e.g. PCT-A. Stainless steel vessels were used.
care was taken to ensure that the soil/glass interface was retained for study. The entire glass cylinder could be reconstructed from the fragments collected in the sediment.
The cumulative alpha activity of leachates from the glass lysimeter was less than or equal to that for a control lysimeter. Cs) were enriched in the first few centimeters of soil near the glass pellet (Fig. 3) . In Fig. 3 , positive distances from the source were above the source and negative distances were below the source. The type of profiles observed for the 137 Cs and the total beta are expected based on a diffusive mechanism for migration of the radionuclides in the soil. Also based on the data in Fig. 3(a) and (c), it appears the 90 Sr diffused further from the source than the 137
Cs. This could be due to the higher concentration of 90 Sr in the glass pellet or stronger sorption on the soil. Based on the low beta/gamma activity measured in the leachates, the 137 Cs and 90 Sr that was leached from the glass appeared to be sorbed by the sediment, perhaps by the iron oxyhydroxides in the soil as observed in the CRNL study [17] . Finally there is evidence that the Pu isotopes leach from the glass slower than 90 Sr and 137 Cs [73] . This could also account for Pu not being detected in the sediment of the core samples (Fig. 3(a) ).
Analysis of the HLW glass 4.2.1. Chemical analysis and comparison to other burial glasses
The analyses performed on the burial glass are described in Section 3.3. The burial glass and the standards were dissolved in duplicate and each analyte was analyzed once. The non-radioactive standards were analyzed simultaneously and handled in the same manner as the burial glass. The replicate analyses of the burial glass and the standards were averaged. The responses for several elements in the standards were biased either high (Ca, Fe, and Mn) or low (Al, B, and Na,). Glass compositions were bias corrected to the standard glasses for all elements that were in error by P4%. The overall composition of the glass is given in Table 1 . The calculated waste loading based on the B and Li content of the frit added was calculated to be $31 wt%. The SRNL glass radioactivity was calculated to be $500 MBq/gb/c.
The SRNL burial glass composition, waste loading, and radioactivity are compared to those of the CRNL burial glass, the Belgian doped glass burial studies, and the Russian K26 glass. The SRNL burial glass waste loading was high and the total b/c radioactivity (500 MBq/g) was about the same value as the first CRNL burial glass (420 MBq/g) but lower than the second CRNL burial glass. The SRNL glass was higher in b/c radioactivity than the Russian glass which had a b/c of 3.8 E-03 MBq/g. The SRNL glass was much lower in radioactivity than the doped Belgium burial glass SON68 glass of which contained about $1 GBq/g a from Am 2 O 3 ( Table 2 ).
Scanning electron microscopy and X-ray diffraction
The X-ray diffraction (XRD) of the SRNL burial glass surfaces was performed on four different samples. The primary phases were kaolinite clay from the surrounding soil and quartz (SiO 2 ). In two of the four samples gibbsite (Al(OH) 3 ) and/or boehmite (AlOOH) were indicated as minor probable phases. Any other components were either below detection limit or amorphous.
Scanning electron microscopy with backscatter elemental mapping was performed of the glass/soil interface. A very thin leached layer that ranged in thickness from <8 lm to 8 lm with occasional regions as thick as 32 lm were observed (Fig. 4) . The leached layer of the SRNL burial glass is much smaller than the 200-350 lm leached layers observed in the Belgium doped burial studies at 90°C. This is to be expected as the SRNL study was conducted at ambient temperatures. In both studies the glass was buried in a clay rich soil but the Boom clay is rich in humic acids which promote colloidal transport [74] while the SRS Fe 2 O 3 -rich clay is oxidizing.
The SRNL burial glass leached layers are somewhat thicker ($10X) than the CRNL nepheline syenite glass leached layers. This is also expected as boron free, nepheline syenite glass is more durable than lower temperature borosilicate type glasses. In addition, the SRNL glass was buried for 5 years longer than the CRNL glass. The SRNL burial glass leached layer is about the same order of magnitude as the Russian K26 glass leached layer indicating that 2-8 lm may be typical of borosilicate glasses buried at ambient conditions for 12-25 years. The SEM/EDAX elemental mapping of the glass/soil interface (Fig. 4) demonstrates that the leached layer is enriched in Si, Al, and Fe while depleted in Na, Ca, and Mn. There are isolated nodules of a Ca-rich phase in the soil that may be CaCO 3 as observed in the K26 glass leached layers. The enrichment of Al, Fe, and Si was also noted in the CRNL and Belgium burial studies.
The SEM/EDAX elemental mapping of the glass/soil interface (Fig. 4) also indicates that the Tank 15 burial glass has a simple leached layer depleted in alkali and alkaline earths but enriched in Al, Fe, and Si. These are the types of leached layers typically observed on simulated SRNL HLW glasses [35] designated as Type II leached layers by Hench and Clark [40] by infrared (IR) studies of glass surface bonding (Si-O-Si) and secondary ion mass spectroscopy (SIMS).
Durability testing of the HLW glass
A simulated Tank 15 glass was made for durability testing since the amount of burial glass was insufficient for triplicate durability analyses by ASTM C1285 (Product Consistency Test, PCT). The simulated glass was analyzed by the same methods as used on the burial glass (Section 3.3) and the analysis is given in Table 1 and shown to be very similar to the composition of the burial glass. The ASTM C1285 leachate data was calculated using (Eq. (1)) and the results are given in Table 3 . Two standards, the Approved Ref-
erence Material (ARM-1) and the Environmental Assessment (EA) glass were run as internal standards during the leaching experiment. The analysis of the standards from this study is given in Table 3 and the results are compared to round robin results for each of these standard glasses. The test results on the standard glasses, which achieved the standard round robin response, demonstrate that the Tank 15 glass durability tests were in control.
Comparison of measured durability to predicted glass durability
It is of interest to compare the predicted durability of the Tank 15 glass from the durability model THERMO TM [26, 27] to the measured durability in the accelerated short term (7 day) ASTM C1285 (PCT) test. The ASTM C1285 test results are given in Table 3 in terms of NC i (Eq. (1)) in g/L and shown graphically in Fig. 5 plotted against the composition term, the preliminary free energy of hydration. The measured Tank 15 glass durability from the short term laboratory testing agrees well with the THERMO TM model prediction.
Diffusion controlled leaching behavior
The rainfall, total alpha in pCi/mL, and total beta/gamma in pCi/ mL in the lysimeter was measured from May 1981 to November 1989 (Fig. 6 top) . The rainfall data was converted to an effluent vol- Fig. 4 . Energy Dispersive Spectra for soluble species such as K, Na, Ca and insoluble species that participate in the leached layer formation (Si, Al, and Fe) and insoluble species that remain in the glass (Mn). Note the nodule of a Ca-rich species in the soil, likely CaCO 3 .
ume assuming a standard 0.66% evapo-trasporation factor due to the warm climate in South Carolina all year long. Since the evapo-trasporation factor is a constant it does not affect the discussion the diffusion controlled leaching mechanism. The time dependence of the groundwater volume and the specific radioactivity of the groundwater that contacted the waste glass (Fig. 6 bottom) followed a square root dependency with time.
The groundwater concentration data (pCi/mL) measured with the Baird Scintillation Counter were converted to Bq/L to be consistent with the dissolution modeling of Ojovan et al. [23] . The volume of the individual effluents collected and measured at the jth time interval is m j' where
The total effluent collected, V(t), after 8.57 years (3129 days) was 253.9 L. The amount of radionuclide i, expressed as b/c, leached out of the waste glass was calculated as A i (t) in Bq from the following equation:
The normalized mass loss of radionuclide i, NM i is then expressed in g/cm 2 from the following equation:
where S is the surface area of the glass monolith (5. where A b/c (0) = 2.36 Â 10 9 Bq is the total activity in the Tank 15 glass at burial. Fig. 7 shows the normalized mass loss and leached fraction of b/c with time.
The average normalized leaching rate of radionuclide i, NR i, was calculated using
where t is the duration of the test in days. Fig. 8 (top) shows the normalized leaching rate as a function of time. It can be seen from Fig. 8 (top) that the overall leaching rate of b/c progressively diminished with time resulting in a rate that is a half order of magnitude smaller than the initial rate after 8 years of burial. This is an intrinsic characteristic of a diffusion controlled process rather than a glass matrix dissolution via hydrolysis. The latter mechanism would show a constant leaching rate. Since Fig. 8 (top) follows a square root dependency with time it indicates an ion exchange mechanism of glass corrosion rather than a linear hydrolysis mechanism [23] which is expected for the b/c components in Table 2 . The bottom of Fig. 8 shows the time dependence of the normalized mass losses of b/c divided by the square root of time (NM i = ffiffi t p ). Fig. 8 (bottom) demonstrates that this ratio remains almost constant over the 8 years duration of the lysimeter measurements, which indicates that the b/c are released from the Tank 15 glass via a diffusion controlled process. This is consistent with data from burial studies of low-level vitrified wastes [23, 75] .
In order to calculate an instantaneous leach rate, NR i , in term of gwaste form/m 2 day the surface area of the glass exposed to the volume of leachant and the test duration must also be factored into the calculation as expressed in
where NRi is the normalized rate (g waste form /m 2 day), SA/V is the surface area of the waste form divided by the leachant volume (m 2 /L) and t is the time duration of the test (days).
Prediction of the resumption of dissolution (Stage III)
A new approach [30] based on Activated Complex Theory (ACT TM ), was used to predict the return to the forward rate (Stage III) behavior for the burial glass compositions in Table 1 . The CRNL glass is excluded from this analysis as it is an aluminosilicate glass and not a borosilicate glass and the approach has only been investigated for borosilicate based waste glasses.
This approach is based on mineral moieties (clusters) in borosilicate waste glasses. The concentration of mineral moieties such as albite (NaAlSi 3 O 8 ), jadeite (NaAl 2 Si 2 O 6 ), nepheline (NaAlSiO 4 ), and acmite (NaFeSi 2 O 6 ) in a glass are determined from the glass composition. These compositions can be expressed on a ternary phase diagram composed of the end members Si, Al, and Fe in at.% when there is sufficient alkali in the glass to form any of the mineral moieties. Such a ternary is shown in Fig. 9 and was developed using 217 glass compositions. The compositions of the Belgian/French, Russian, and US burial glasses are overlain on Fig. 9 . Fig. 9 demonstrates that glasses with high concentrations of albite (Ab) and acmite (Ac) are predicted to form ferrosilicate clay minerals on the leached glass surface and these glasses should not return to the forward rate because aluminosilicate phases are not predicted to form. Glasses with low Ab have more jadeite (Jd) and insufficient Si to form acmite. In other words, the Al:Si ratio of the glass and the activated surface complexes are more favorable to the formation of analcime (zeolite) which has the same Al:Si ratio as Jd. The glasses with more Jd component are thus more likely to return to the forward rate of dissolution (Stage III). Most of the Belgium/French, and the Russian and US burial glasses all have sufficient Si (at.%) to maintain steady state dissolution. Only the SAN60 and SM527 glasses are predicted to return to the forward rate (Stage III dissolution) and both SAN 60 [1] and SM527 [76] have been experimentally shown to do so.
The reaction of the mineral moieties in each glass can also be examined on a thermodynamic basis. If a glass is primarily an albite glass it cannot form analcime by reaction with water as the free energy of the reaction is not energetically favored, e.g. the free energy of formation of Eq. (3) 
Thus glasses with insufficient Si to form albite moieties, will form jadeite or nepheline moieties that are more susceptible to forming analcime and returning to the forward rate of dissolution via Eqs. (8)- (11) than glasses with sufficient Si to form albite and sufficient Fe to form acmite (Eqs. (7) and (12)). Eq. (12) is the most likely reaction stabilizing an iron containing glass, like Tank 15 SRS glass, at steady state (Stage II) dissolution.
Conclusions
The Tank 15 HLW burial glass was found to be very durable in both the burial environment and during accelerated laboratory durability testing. Surface layer formation was minimal and the surface layer was enriched in both Al and Fe. The surface layer structure was simple, depletion in alkali and alkaline earth and enrichment in Al, Si, and Fe structural elements. Modeling the glass composition using ACT TM and noting that the surface layer is enriched in Fe suggests that this glass will not return to the forward rate of dissolution (Stage III) but continue to leach at a steady state rate.
The Tank 15 HLW burial glass was predicted to be durable using two different SRNL durability models (THERMO TM and ACT TM ) based on short term and long term durability testing with ASTM C1285 (Product Consistency Test). Short term durability measurement of the burial glass confirmed this.
Only Sr that leached from the glass that were found in the soil were presumably bound by iron oxyhydroxides in the soil column as found in the Belgian and Canadian burial studies. Superior or equivalent performance of burial glasses in unsaturated and saturated sediments compared to saturated accelerated laboratory tests is consistent with other long term radioactive burial experiments in Canada, Belgium, and Russia. Jd Ne Fig. 9 . Predicted performance of the burial glasses in terms of the return to the forward rate. Glasses below the Albite (Ab)-Acmite (Ac) join are predicted to form analcime or paragaonite and return to the forward rate (Stage III) while glasses above the Ab-Ac join are predicted to form nontronite clays and/or ferrite phases and leach at steady state (Stage II) rates. Note that the Canadian (CRNL) glasses are not included as they are not borosilicate glasses and this methodology has not been proven to apply to aluminosilicate glasses.
